In this study, we analyze Cluster observations of whistler-mode chorus and hiss waves during the event of August 19-21, 2006. Chorus is present outside the plasmasphere and hiss occurs inside the plasmasphere. Using a recently constructed plasma boundary layer model, we perform a ray-tracing study on the propagation of chorus. Numerical results show that chorus can penetrate into the plasmasphere through the plasma boundary layer, evolving into hiss. The current data analysis and modeling provide a further observational support for the previous findings that chorus is the origin of plasmaspheric hiss.
Modeling the Evolution of Chorus Waves into

Introduction
Whistler-mode waves are widely present in space plasmas, with two classes of waves: chorus and hiss [1] . Hiss tends to occur inside the dense plasma region, known as the plasmasphere [2] , with a typical frequency range of 0.1-2 kHz. Analogous to the electromagnetic ion cyclotron waves, hiss can produce efficient pitch angle scattering of relativistic electrons [3−8] , reducing the radiation hazards to orbiting satellites [9] . Chorus is often excited in the trough region beyond the plasmasphere [10] , roughly scaling with electron gyrofrequency f ce . Chorus has two frequency bands: a lower band ∼0.1-0.45f ce , and an upper band ∼0.5-0.7f ce . Chorus waves, together with Z-mode or superluminous waves, can yield stochastic acceleration of energetic electrons [11−17] , posing serious danger to astronauts and satellites. Therefore, competition between hiss-electron interaction and chorus-electron interaction controls dynamic evolutions of radiation belt energetic electrons [18−20] . Chorus waves are generated by the anisotropic energetic electrons in the plasmasheet injected from the magnetotail [21, 22] . However, the origin of hiss waves has not been fully resolved so far [23−25] . Bortnik et al. have proposed that chorus can propagate into the plasmasphere and evolve into hiss [26] . Their model successfully interprets properties of hiss waves in a frequency band incoherent nature, day-night asymmetry in intensity, and spatial distribution [27, 28] . Nevertheless, their correlated observations of hiss emission and chorus emission are about 3 hours apart in magnetic local time (MLT), possibly raising a difficulty to link the origin of the hiss wave to the chorus wave. Chen et al. modeled the properties of plasmaspheric hiss, including the dependence on chorus wave emission and the plasma density distribution [29, 30] . Recent work has suggested that the plasma boundary layer (PBL), instead of the plasmapause, is an important condition for chorus wave penetration into the plasmasphere to evolve into a hiss waven [31] . However, observational evidence, particularly from one single satellite and from the same or close MLT region concerning the relation between chorus and hiss, is scarce due to an extremely difficult set of observational requirements. In this study, we shall investigate the observation of chorus and hiss emissions collected by the Cluster STAFF instrument. We further carry out a ray-tracing study of chorus waves to test whether chorus waves indeed propagate into the plasmasphere and evolve into hiss waves.
Correlated observation
We plot the time history of geomagnetic index Dst in Fig. 1(a) The chorus wave roughly scales with the electron gyrofrequency and decreases with the decreasing gyrofrequency (see the falling white line) from L=5.0 to 6.5. The observed wave stays in the frequency range of 0.1-0.5f ce , comparable to the feature of the lower band of the chorus wave. In contrast, hiss remains in a roughly constant frequency band ∼0.2-1 kHz during the observed period, with peak intensities near the location L=4. In particular, both hiss and chorus emissions occur in the same MLT region around 13.13 MLT and the strong hiss and chorus waves are only approximately half an hour apart in the MLT region. 
Model
We use a previously developed ray-tracing code [32] , which is based on the methodology of the HOTRAY program [33] , to study the propagation characteristics of whistler-mode chorus waves. The Hamiltonian equations related to the ray path can be expressed [34] :
Where, R stands for the position vector of a point on the ray path, t is the group time, ω and k denote the wave frequency and wave vector, D represents the plasma dispersion relation and follows D(R, ω, k) = 0 at every point along the ray path [35] :
B 0 is the ambient magnetic field and N e is the background plasma density. In order to trace chorus waves, a background density model must be specified at first. Here, we use a recently constructed plasmasphere boundary layer model [30] :
here N i , N ps , and N tr respectively denote the density of the ionosphere, the plasmasphere and the trough; g(L) indicates the transition function which controls the shape of the plasmapause (the transition from the plasmasphere to the plasma trough), defined as:
here L ppo and L ppw represent the outer edge of the plasmapause and the width of the plasmapause. Moreover, an explicit expression for the low altitude ionosphere N i , is shown in Eq. (3) in Ref. [30] . To perform the ray-tracing calculation, we adopt two Cartesian coordinate systems as shown in Fig. 1 of Ref. [33] . The first is an Earth centered Cartesian coordinate system; the second is a local Cartesian system centered on a point of the ray path. The wave normal angle θ is the angle between wave vector k and ambient magnetic field B 0 .
Numerical results
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In Fig. 3 we present ray paths of chorus waves starting at the equator for different locations: L=6, 6.5, 7 and 7.5, respectively. The corresponding parameters for the ray trace are shown in Table 1 . Chorus waves at first move upward along the field line and then bounce back downward. After several reflections, chorus gradually enters PBL at the high latitude, merging together into an incoherent emission to fill the plasmasphere with hiss. Clearly, much more frequent reflections occur around L=4, potentially leading to the strongest wave power spectral intensity. This is comparable to our observation (see Fig. 1(b) and (c) ). As the source location increases, the chorus encounters fewer reflections to penetrate into the plasmasphere. In particular, each ray enters the plasmasphere at slightly different points, consequently the chorus rays, which behave coherently outside the plasmasphere, become completely randomized after a few internal reflections inside the plasmasphere, yielding the incoherent nature of hiss. The ray paths of chorus waves for different wave frequencies and the fixed source location L=7 (see Table 2 ) are shown in Fig. 4 . Similarly, the chorus starts to travel upward and is reflected at the high latitude. Then, the chorus leaks through the PBL into the plasmasphere after one or a few reflections, evolving into an incoherent hiss emission. Obviously, a lower frequency chorus spends more reflections than a higher frequency chorus. Moreover, the current ray tracing results tend to agree with the observation, viz., the hiss stays at fairly low latitudes but the chorus stays at fairly high latitudes, even going up as high as ∼40 degrees on the dayside. Fig.4 The same as Fig. 3 but for different wave frequencies and the fixed source location L=7
Conclusion
We have reported data of chorus and hiss waves gathered by the STAFF instrument onboard the satellite Cluster 4 during 19-21 August, 2006. Chorus waves locate outside the plasmasphere and hiss waves stay inside the plasmasphere. We adopt the PBL model to simulate ray paths of chorus waves for different frequencies and source locations and find a possible relation between both waves. The following conclusions are obtained.
a. Chorus waves firstly propagate along the field line upward and then reflect back downward. After a few reflections, chorus waves enter the PBL at the high latitude, evolving into hiss emission. Furthermore, due to different entry points of each ray, the coherent chorus rays outside the plasmasphere are randomized by multiple internal reflections, allowing coherent chorus to become incoherent hiss.
b. The PBL, instead of the plasmapause, is a favorable condition for the chorus wave to leak into the plasmasphere to evolve into hiss. The main reason is that the angle between the wave group velocity and the density gradient (the normal to the density surface) increases as the density increases. If the density variation across the plasmapause increases sharply, the angle between both can increase to 90 o or above, and then drive the ray back without penetrating into the plasmasphere.
c. When the source location or wave frequency increases, chorus can penetrate into the plasmasphere by fewer reflections. Moreover, waves encounter intensive reflections around L=4, and possibly produce a strong wave power intensity, consistent with the observation. Since the correlated data of strong hiss and chorus emissions have only about 0.5 hour apart in the MLT region and the penetration of chorus occurs in the same MLT region as that of hiss, the current results present more direct observational evidence than the previous works that plasmaspheric hiss can originate from discrete chorus emission.
d. It should be mentioned that we chose the ray tracing time as 50 s in cases of interest without considering the Landau damping effects, since there is no observational data on the temperature of cold and hot electrons both inside and outside the plasmasphere. We find that a ray travels about 1 s outside the plasmasphere and then leaks into the plasmasphere and encounters multiple reflections at about 49 s. Based on the previous work, the wave is damped by 1% of the original intensity for about 1 s outside the plasmasphere [29, 30] and is amplified inside the plasmasphere due to cyclotron resonant growth [36] . We leave this to a future study. 
